The character of the transition that takes place at the Néel temperature in CoO, from a cubic paramagnetic phase to a monoclinic antiferromagnetic one, has been studied through the evaluation of the exchange of latent heat. A high-resolution ac photopyroelectric calorimeter has been used to provide qualitative information on this issue, measuring high quality single crystal samples. The results show the presence of a small heat exchange characteristic of a weak first order transition.
The character of the transition that takes place at the Néel temperature in CoO, from a cubic paramagnetic phase to a monoclinic antiferromagnetic one, has been studied through the evaluation of the exchange of latent heat. A high-resolution ac photopyroelectric calorimeter has been used to provide qualitative information on this issue, measuring high quality single crystal samples. The results show the presence of a small heat exchange characteristic of a weak first order transition. 
I. INTRODUCTION
Transition-metal magnetic monoxides MnO, FeO, CoO, and NiO have been studied along the last forty years. MnO, Feo, and NiO have in common that they all crystallize with the NaCl structure ͑space group Fm3m͒ in their hightemperature state and are type-II antiferromagnets in the lowtemperature one: the magnetic spins align ferromagnetically within the ͑111͒ plane while these planes are stacked antiferromagnetically in the direction normal to the ͑111͒ plane. At their respective Néel temperature they undergo a paramagnetic to antiferromagnetic phase transition coupled to a symmetry breaking consisting of a small rhombohedral distortion along the ͓111͔ direction, thus the symmetry of the lattice is fully consistent with the magnetic structure. 1 In the case of CoO, recent studies have shown that the transition is more complex than it was thought and that some of its features were still to be revealed. It has been traditionally considered a type-II antiferromagnet with the same kind of spin alignment as in the rest of the family but with a tetragonal lattice distortion along the ͓001͔ direction arising at the Néel temperature. 1 In the last years, it has been shown, in the first place, that the lattice distortion has also a monoclinic component and so the symmetry of the low-temperature phase is lowered 2 ; second, that the type-II antiferromagnetic order coexists with a type-I antiferromagnetic structure ͑in which ferromagnetic ͑001͒ planes are stacked along the tetragonal ͓001͔ axis͒, giving rise to a monoclinic magnetic structure in agreement with the lattice symmetry previously proposed. 3 Concerning the character of this transition, renormalization-group analysis performed in the seventies suggested that the magnetic phase transition in the four transition-metal monoxides should have a first-order nature. [4] [5] [6] This has been experimentally confirmed in the case of FeO and MnO ͑Refs. 7-12͒ though in this last case its first-order character was not revealed with polycrystalline samples and not even in every single crystal of this material. The first-order character was confirmed using particular single crystal samples or single crystals to which a stress in the ͓111͔ direction was applied, the effect of this stress being to eliminate all but one of the magnetic domains. 7, 10 On the other hand, the transition in NiO is clearly second order [13] [14] [15] ; its critical behavior has lately been shown to belong to the Heisenberg universality class. 16 Lastly, CoO has been traditionally considered to be second order according to different types of experimental measurements, [17] [18] [19] [20] [21] [22] [23] though recent high-resolution measurements performed by our group by means of an ac photopyroelectric ͑PPE͒ calorimeter show that the shapes and features of the thermal properties ͑specific heat and thermal diffusivity͒ in the close vicinity of the Néel temperature depend heavily on the particular sample used, even if all of them are single crystals. 16 The crystalline quality of the samples under study has been assessed by neutron diffraction measurements and a direct relationship found between the quality of each sample and the sharpness of the singularities obtained by its study. In the close vicinity of the critical temperature, the poorest quality samples gave rounded peaks with the same shape as those that can be found in literature; it is from this kind of data that a second-order nature had been claimed and specific universality classes assigned by other authors. [21] [22] [23] As we obtained sharper peaks, the values of the critical parameters moved away from any universality class, invalidating previous analysis and indicating that the picture is not as simple as thought. Though there are many second-order transitions for which no universality class is found or which present abnormal critical parameters, taking into account the results of renormalization-group theory, as well as the character of FeO and MnO, the possibility that the transition in CoO has a weak first-order character must be considered; this would not have been revealed up to now due to any combination of the following reasons: the particular samples used, the resolution of the measurements performed or the experimental techniques employed.
As latent heat exchange is one of the main issues in establishing the character of a transition, attention has been focused in this work on trying to establish the presence or absence of latent heat by means of ac PPE calorimetry, which is a technique well established to study the dynamical properties of phase transitions in solids and liquids, 21, [24] [25] [26] [27] due to its high sensitivity and resolution. The ac PPE technique is specially suited to study the thermal properties around phase transitions since small temperature gradients in the sample produce a high signal-to-noise ratio, which in combination with low-temperature rates allow to accurately study the close vicinity of the transitions. PPE calorimetry has enabled the determination of the critical behavior of second-order phase transitions in magnetic and ferroelectric materials, [27] [28] [29] [30] [31] [32] [33] [34] but it is generally believed not be useful to discriminate the character of a transition because of the limitation of obtaining the exchanged latent heat.
In spite of this limitation, ac calorimetric techniques have already been used to determine the character of transitions because an indirect evaluation of latent heat can be obtained. 35 In particular, PPE calorimetry has been lately applied to this evaluation in the case of liquid crystals, 36, 37 showing the presence of heat flow in the transition, and thus contributing to the determination of their first-order character.
We have applied this approach to CoO with the aim of ascertaining the character of the magnetic transition. As a further check of the powerfulness of the evaluation of latent heat in transitions through high-resolution ac PPE calorimetry, other solid materials which present well-known first-or second-order transitions have also been measured with this technique in this work.
II. EXPERIMENTAL SETUP AND SAMPLES
In order to obtain the specific heat profile as a function of temperature with high resolution, as well as to confirm latent heat exchange, a high-resolution ac PPE calorimeter has been used in the standard back-detection configuration. 24, 25 An acousto-optically modulated He-Ne laser beam of 5 mW illuminates the front surface of the sample under study. Its rear surface is in thermal contact with a 350 m thick LiTaO 3 pyroelectric detector with Ni-Cr electrodes on both surfaces, by using an extremely thin layer of a highly heatconductive silicone grease ͑Dow Corning, 340 Heat Sink Compound͒. Both sample and detector are placed inside a cryostat allowing measurements between 77 and 450 K, at rates that can be as low as 5 mK/min for high-resolution runs close to the phase transitions. The photopyroelectric signal is processed by a lock-in amplifier operating in the current mode and measurements have been performed in the thermally thick regime.
Single crystals have been used for this study in order to obtain shapes as sharp as possible for the transition peaks; the presence of grains, domains, or noncrystallinity introduce rounding in the thermal measurements at the critical temperature, which must be avoided at all costs to see the real features of the transition. It is widely known that to reveal the features and real character of a transition, high quality samples need to be employed ͑high purity, good stoichiometry, few defects, single cystals, …͒. As it has already been pointed out, a fine example of this is the case of MnO, whose first-order character was finally revealed through the measurements of single crystal samples with the presence of a single magnetic domain.
In our previous study on CoO we used high purity single crystal samples coming from different growers to study and compare their thermal properties around the Néel temperature 16 ; the one which led to more acute and sharper peaks ͑which happened to have the best crystallographic quality͒ has been used for this work. All samples are planeparallel slabs with a thickness of the order of 0.5 mm and a diameter of about 6 mm.
III. EXPERIMENTAL RESULTS AND DISCUSSION
Regarding PPE measurements, for the experimental configuration used ͑back detection, thermally thick sample regime͒ the complex PPE signal ͑normalized to the one obtained on the bare photopyroelectric detector͒ reads
where = ͑kc͒ 1/2 is the thermal effusivity, subindex p, s referring to pyroelectric detector and sample, respectively, k is the thermal conductivity, is the density, c is the specific heat, l is the sample thickness, = ͑1+ j͒͑f / D͒ 1/2 , j is the imaginary unit, D = k / c is the sample thermal diffusivity, and f the modulation frequency.
The PPE signal in Eq. ͑1͒ contains two terms: the first one corresponds to the signal obtained when an opaque sample is heated by the laser excitation and the second one takes into account the effect of a delayed source uniformly distributed in the sample volume, holding for the latent heat exchange involved in a first-order transition, be it where the case. This source is modelized with an amplitude I L and a phase lag ⌿. In the case of continuous transitions, this term would be negligible.
FIG. 1. ͑a͒ PPE signal amplitude A ͑black circles͒ and phase ⌽ ͑gray crosses͒ over the antiferromagnetic-paramagnetic transition in CoO. ͑b͒ Fitted specific heat c ͑black circles͒ and amplitude of the latent heat term I L ͑gray crosses͒ in a closer region around the transition temperature. Figure 1͑a͒ shows the ac PPE measurements performed in the case of CoO, where the normalized amplitude A͑T͒ and phase ⌽͑T͒ of the PPE signal as a function of temperature are displayed. The experimental values so obtained were fitted at each temperature with those obtained from Eq. ͑1͒, with the specific heat c͑T͒ and the amplitude of the internal source heat I L ͑T͒ as fitting parameters, along the transition range. In order to avoid scattering of the data, the phase lag was kept constant throughout the transition; its value was then progressively varied as an external parameter so as to optimize the fit with the experimental results. As thermal conductivity does not present any singularity in the magnetic transition and it remains nearly constant in the near vicinity of it, 16, 21 k has been taken as a uniform value. The fitted values obtained for specific heat c͑T͒ and internal heat source I L ͑T͒ are shown in Fig. 1͑b͒ . An arbitrary scale is taken for I L ͑T͒, as the information it provides is only of a qualitative nature.
The specific heat curve so calculated is narrow and sharp, while there is a small peak for the internal heating source. It indicates the presence of exchanged heat, supporting that the magnetic transition in CoO is not continuous and thus should be considered as weak first order; its character had been hidden in the samples used in the past for the measurements found in literature.
As it has been explained in the introduction, this method of evaluation of latent heat through PPE measurements has been applied up to now only to first-order transitions in liquid crystals. In order to further verify its powerfulness, other single crystal samples presenting well-known first-and second-order transitions in solids have also been studied so as to confirm the presence or absence of latent heat by means of this method. Figure 2͑a͒ shows the experimental amplitude A͑T͒ and phase ⌽͑T͒ of the PPE signal for the case of the magnetic second-order transition in NiO while Fig. 2͑b͒ displays the fitted specific heat c͑T͒ and internal heat source I L ͑T͒. In the first place, it is worth noting how the experimental amplitude and phase have the same evolution with temperature, as expected for second-order transitions. 37 Besides, the fitted results give a negligible internal heating source corresponding to the second term in Eq. ͑1͒.
Lastly, a first-order transition was studied. We have measured a well-known first-order transition in a single crystal KFeF 4 , which takes place at 388.2 K. This is a structural phase transition, with space groups Amma at high temperature and Pmcn at low one. 38 Figure 3͑a͒ shows the experimental amplitude A͑T͒ and phase ⌽͑T͒ and Fig. 3͑b͒ displays the fitted specific heat c͑T͒ and internal heat source I L ͑T͒. Not only the specific heat curve is extremely sharp, as corresponds to a first-order transition, but also an internal heating source amplitude is obtained, quite sharp and narrow. It is worth noting that, in this case, if the second term in Eq. ͑1͒ were not to be considered, the calculated specific heat results would be devoid of any sense.
As a conclusion, ac photopyroelectric calorimetry shows that heat is exchanged at the antiferromagnetic to paramagnetic transition in CoO, clearly indicating that this is not continuous, in opposition to the case of NiO. The qualitative characteristics of the internal heat source are not as marked as in an out-of-doubt first-order transition, therefore a weak first-order character can be attributed to this transition, which is only identifiable in high quality single crystals samples. This implies that the critical parameter values that were obtained in our previous work in the different samples when dealing with CoO as if there was a continuous transition 16 are meaningless, only the result of curves too rounded to express the real character of the transition.
